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ABSTRACT  
We report on the first experimental demonstration that the microstructure based on a dielectric 
cuboid combined to a thin metal film can act as an efficient plasmonic lens allowing focusing 
surface plasmons in a subwavelength scale. By means of numerical simulation of surface plasmon-
polariton (SPP) field intensity distributions in the microstructure, we observe a low divergence of 
plasmonic photonic jet (PPJ) and high intensity subwavelength spots at the communication 
wavelength of 1530 nm. Then we fabricate an experimental sample of the microstructure and study 
the SSP field intensity distributions using the amplitude and phase-resolved scanning near-field 
optical microscopy and demonstrate the experimental observation of the PPJ effect for the SSP 
waves. Such novel and simple platform can provide new pathways for plasmonics, high-resolution 
imaging, biophotonics as well as optical data storage. 
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It is well known, that the surface plasmon polaritons (SPP) waves are highly localized at metal–
dielectric interface, and thus have shorter wavelength than excitation radiation [1,2,3]. Excitation 
and effective control of the SPP require different components but the crucial among them is a lens.  
Different structures based on slits, holes, rings [4,5,6,7,8], mirrors [9] and metasurfaces [10] 
have been proposed to realize subwavelength focusing, but the obtained focal spot size was larger 
than a half of the wavelength [6,9]. The Maxwell’s fish-eye and Luneburg SPP lenses [11,12] 
demonstrate the capability to control the focusing properties of a lens by selecting the height of 
the dielectric lens in order to obtain the optimal effective refractive index contrast. Dielectric 
structures [13,14] and plasmonic gradient-index metasurface Luneburg lens based on 
subwavelength holes in the dielectric thin film [15] and mounted on the metal film have become 
an efficient method for the focusing and manipulating of two-dimensional SPPs waves. But 
dielectric plasmonic lenses cannot achieve the manipulation of an optical energy below its 
wavelength due to diffraction [13,14,15]. 
On the other hand, in [16] it was theoretically shown that micro-scaled dielectric disks with 
refractive index of n = 1.5 and radius of r = 3 µm are able to produce the so-called plasmonic 
photonic jet (PPJ, analog of the photonic nanojet effect [17,18], but for plasmonic waves), when 
the disks are excited by the SPP at optical frequencies featuring a wavelength of 800 nm. Later, 
the formation of the PPJ was theoretically predicted in a dielectric micro cuboid particle [19]. The 
structure comprised a 100 nm thick gold film deposited on top of a dielectric substrate with 
refractive index n = 1.5. The three-dimensional (3D) dielectric cuboid of silicon nitride (Si3N4) 
with refractive index n = 1.97 and lateral dimensions lx = lz = λ0 =1550 nm (where λ0 is a 
telecommunication wavelength) was placed on top of the metal film. It was demonstrated that the 
location of the PPJ can be tailored by changing the height of the dielectric particle [16,19]. It was 
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also shown that the best performance at λ0 is observed when the height of the dielectric cuboid is 
about 0.1λ0 that allows for producing of the PPJ with a resolution of 0.68λ0 and an intensity 
enhancement of ~5 at the focus [19]. At the same time, this mechanism of SPP field localization 
was used to combine with 3D Si3N4 cuboids featuring a chain of dielectric particles [20] in order 
to extend the SPP propagation up to several times [21,22].  
However, to the best of our knowledge, no experimental study of the PPJ effect for SPP waves 
has been performed yet. In this paper we demonstrate realization and first experimental 
observation of the PPJ effect in the dielectric cuboid mounted on a metal film and provide its 
theoretical and experimental characterization. 
We used a full-wave 3D simulation via a finite element method (COMSOL Multiphysics) to 
solve the SPP wave vector (β) and to demonstrate the PPJ effect that is produced by dielectric 
cuboid combined to gold metal film. The effective refractive (mode) index of the SPP wave neff is 
defined as neff= β/k0 [10,20], where k0 is a wave number. In the simulation, the SPP wave is incident 
onto the flat cuboid surface.  
The SPP was illuminated by an optical excitation with λ0 = 1530 nm featuring maximum electric 
field of E=1 Vm−1 at the dielectric–metal interface. To simulate the surface plasmons diffraction, 
we used perfectly matched layers conditions and a non-uniform mesh featuring a minimum cell 
size of 1/5λ0 at the dielectric-metal interface. All the field distributions shown below are 
normalized to its maximum values. Some other details of the simulation are given in [23].  
For simplicity and accordance to experiment we used Poly(methyl methacrylate) (PMMA) 
featuring a refractive index of n = 1.5302 (at λ0 = 1530 nm) as a material for the dielectric cuboid. 
It should be noted that despite the refractive index of Si3N4 is about n = 1.97 [17] (in contrast to 
the PMMA refractive index), the formation of PPJ via the dielectric cuboid has similar trends for 
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these materials. The value of the refractive index has been selected to circumvent a dispersion 
model and to simplify the simulations (this can be done because the variation of n is of the order 
of 10-2 within the spectral band of interest [24]). We used a Drude–Lorentz dispersion model in 
simulation with relative permittivity of metal (gold) equal to εm = −114.47+ 8.51i at λ0 = 1530 nm 
[25]. The effective refractive index of the SPP is determined by both dielectric and metal that form 
the interface and is derived by the relation [26]:  
kspp = k0((εmεd)/(εm+εd))1/2 = neffk0,        (1) 
where k0 = 2π/λ0 is the wave number in vacuum, while εm and εd are the relative permittivities 
of metal and dielectric, respectively. It means that for our conditions, the surface plasmon 
wavelength is λspp = 0.978λ0 = 1497 nm (or about 2% less than the wavelength in a free space).  
The numerical results of the SPP field intensity distributions within the xz-plane for different 
dielectric cuboid heights (h = 200, 250 and 300 nm) with the same lateral dimensions lx = lz = 
3.26λ0 = 5 μm at λ0 = 1530 nm are shown in Fig. 1 (note that a 3D geometry of the microstructure 
is shown in Figure 5 below).  
 
Figure 1. SPP field intensity E2 distributions in the dielectric cuboid combined to metal film 
with different cuboid height of h = 200, 250 and 300 nm. The cuboid is illuminated with λ0 = 
1530 nm. The surface plasmon wave propagates from left to right. 
 
Figure 2 describes SPP field intensity E2 distributions near the shadow surface of the dielectric 
cuboid in a focal spot (a) and along PPJ propagation (b). It is follows from Fig. 2b, that the PPJ 
demonstrates an exponential decay length in z direction as exp(−kdz), where the parameter kd is 
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given by the dispersion relations [14,17]. From the comparison of Fig.2a and Fig.2b, one can 
mention that when the height of the cuboid alters from h = 250 nm to 350 nm, the degree of 
localization increases linearly: the full width at half maximum (FWHM) increases from 0.58λ0 to 
0.77λ0 with a corresponding decrease in the PPJ length from 1.83λ0 to 1.51λ0. From Fig. 2a one 
can notice that the increase of the dielectric height from 200 nm to 350 nm leads to the intensity 
enhancement near the shadow surface of the cuboid and thus the effective refractive index neff of 
the considered structure has a perceptible dependence on the height of the cuboid, as expected 
[12,14,17,19,23]. Moreover, according to Fig.2b, the maximal field intensity along direction of the 
SPP propagation has a red shift with the increase of the dielectric height.  
 
(a) 
 
(b) 
Figure 2. SPP field intensity E2 distributions near the shadow surface of the dielectric cuboid 
in a focal spot (a) and along PPJ propagation (b). 
 
It is worthwhile noticing that the both parameters h and neff increase simultaneously thanks to 
the exponential decay of the SPP electric field within the cuboid, as expected [14]. With a further 
increase in the thickness of the cuboid, the monotonicity of the field intensity distribution along 
 7 
the propagation axis in the region of its localization is violated (Fig.2b). Therefore, according to 
the aforementioned results, we fixed lx = lz = 3.26λ0 and h = 250 nm at λ0 = 1530 nm.  
The FWHM and the length of PPJ defined as a full length at half maximum (FLHM) of the PPJ 
propagation at different excitation wavelengths are shown in Fig.3. As seen, the transversal 
resolution FWHM of 0.58λ0 that lies above the diffraction limit of 0.5λ0 and the FLHM of the PPJ 
of 2.17 𝜇m (i.e. 1.41λ0) are obtained at λ0 =1530 nm. Nevertheless, it is important to note that the 
FWHM value can be further decreased at optimized microstructure parameters with thus allowing 
focusing of SPP waves even below the diffraction limit [23]. 
  
Figure 3. FWHM (solid curve) and FLHM (dash-dotted curve) of the PPJ propagation vs. the 
excitation wavelength.  
 
The experimental samples of the dielectric cuboids were fabricated using a PMMA and then 
deposited on the surface of a 100-nm gold metal film. The height and the width of the cuboids 
were equal to h = 250 nm and w = 5 μm respectively. In order to excite the SPP under an optical 
pump of 1530 nm we fabricated a plasmonic grating comprising four 770 nm-wide grooves formed 
in the gold film with a period of 1540 nm featuring a filling fraction of 50%.  
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To demonstrate the realization of the PPJ effect for SPP waves we used a scattering-type 
scanning near-field optical microscopy (s-SNOM) [27]. The s-SNOM (NeaSNOM from Neaspec 
GmbH) is working as an atomic force microscope in a taping mode with a sharp metal-coated 
silicon tip, as near-field probe, oscillating at the resonance frequency of Ω ≈ 280 kHz with 
amplitude ~55 nm. In order to direct the SPP wave into the dielectric cuboid, plasmonic grating 
coupler was illuminated from below by a linearly polarized light at a normal angle to the sample 
surface (transmission configuration). Tunable telecom laser operating in the range of 14601640 
nm (from Agilent) was used. In this s-SNOM arrangement while mapping of near-field and 
topography across the scan area of 30×10 µm2, an illumination system remains aligned on 
plasmonic grating due to its synchronization with the sample moving. The tip-scattered light is 
collected by a top parabolic mirror and then is incident on the detector.  
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Figure 4. Topography image of the microstructure (dielectric cuboid on metal film) and PPJ 
propagation for the SPP waves derived using s-SNOM. The optical excitation of 0 = 1530 nm is 
incident on the backside of the plasmonic grating resulting in the excitation of SPP waves in the 
orthogonal direction. 
 
To provide a clear imaging of the near-field distribution, most part of optical background was 
suppressed by demodulation of the detected signal at high-order harmonic frequency nΩ (n = 2, 3, 
4) and also by using interferometric pseudoheterodyne detection scheme with a modulated 
reference beam. In our case the signal of demodulation at the third harmonic (3Ω) was taken into 
consideration, which was enough for background-free near-field analysis. The topography image 
of the microstructure (a) as well as the optical amplitude illustrating the experimental observation 
of PPJ propagation for the SPP waves under the optical excitation of 0 = 1530 nm (b) derived by 
s-SNOM are depicted in Fig.4. Note that for simplicity and demonstration, we used merely one 
excitation wavelength. 
Figure 5 illustrates the experimental SPP field intensity E2 distributions near the shadow side of 
the microstructure in a focal spot (x-direction) (a) and along PPJ propagation (z-direction) (b) 
demonstrating a reasonable agreement between modeling and experiment. As seen, the 
experimental FWHM value at 0 = 1530 nm is equal to 0.60 (a) corresponding to the FLHM = 
5.43 μm (i.e. 3.540) (b). Comparing the obtained results with those for the modeling (see Fig.4), 
one can conclude that the localization of the experimentally observed SPP photonic nanojet along 
the propagation axis demonstrates a 2.5-fold enhancement compared to the modeling. 
Nevertheless, the interpretation of this phenomenon lies beyond the scope of this paper and will 
be the topic of further discussions.  
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(a) 
 
(b) 
 
Figure 5. SPP field intensity E2 distributions near the shadow side of the dielectric cuboid 
mounted on metal film in a focal spot (x-direction) (a) and along PPJ propagation (z-direction) 
(b). The solid curves correspond to the modeling while the dash-dotted curves refer to the 
experiment. The cuboid borders are schematically shown by grey rectangle in (a), while the 
insert in (b) depicts the SNOM image of E2 distributions. The excitation wavelength is 0 = 
1530 nm.  
 
In summary, we have experimentally demonstrated that a simple rectangular dielectric structure 
combined to a metal film can act as plasmonic lens [28] and thus can focus surface plasmons in a 
subwavelength scale. We observed a low divergence of plasmonic photonic jet (PPJ) and high 
intensity subwavelength spots at the communication wavelength of λ0 = 1530 nm.  
We performed numerical simulation using finite element method of surface plasmon-polariton 
(SPP) field intensity distributions in the cuboid featuring different geometry and deposited on gold 
metal film and observed the light which is scattered from the cuboid by imaging of the PPJ. Then 
we fabricated the experimental sample and demonstrated the first experimental observation of the 
PPJ effect for SPP waves by using a rather simple dielectric microstructure.  
It is important to note that the PPJ with small subwavelength scale dimension is believed to show 
exciting potential applications in integrated and near-field optics to guiding and control of the 
subwavelength focusing of SPPs and a relatively cheap and simple way for the manipulation of 
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the SPP propagation even below the diffraction limit at subwavelength scale (at optimized 
microstructure parameters).  
Such novel and simple platform can provide new pathways for plasmonics, high-resolution 
imaging, biophotonics and optical data storage. 
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